We present results from recent investigations of diffractive vector meson production using the ZEUS detector at HERA. These consist of measurements of ρ 0 production in the region of photon virtuality 0.25 < Q 2 < 0.85 GeV 2 , of ρ 0 , φ, and J/ψ production for values of the momentum transfer to the proton 0.3 < |t| < 4.0 GeV 2 , and of elastic J/ψ production both in photoproduction and for Q 2 > 2 GeV 2 .
Introduction
The subject of elastic vector meson production at high energies has attracted much attention due to its contributions to the new field of hard diffraction. Such measurements of exclusive processes, a rarity at high-energy colliders, represent a new opportunity to test calculations within the framework of perturbative quantum chromodynamics (pQCD).
1 Here we present recent measurements of diffractive vector meson production with the ZEUS experiment in the interactions of 27.5 GeV positrons with 820 GeV protons at HERA. Further details may be found in papers submitted to the recent DIS '97 Workshop 2 . We concentrate on three topics:
• elastic production of ρ 0 mesons in an intermeditate range of photon virtuality Q 2 , 0.25 < Q 2 < 0.85 GeV 2 . This analysis is based on measurements recorded using a special-purpose electromagnetic calorimeter with acceptance at positron scattering angles between 17 and 35 mrad, called the beam-pipe calorimeter (BPC),
• photoproduction of ρ 0 , φ, and J/ψ mesons for high absolute values of the squared momentum transferred to the proton, |t|, 0.3 < |t| < 4.0 GeV 2 . Since the final-state proton system (usually dissociated) was not detected, its transverse momentum was approximated by the transverse momentum of the final-state vector meson. The difference is kinematically limited to a value less than Q 2 . Detection of the final-state positron in another special-purpose calorimeter 44 m distant from the interaction point ("44-meter tagger"), limited Q 2 to values less than 0.01 GeV 2 , ensuring the validity of the approximation at that level,
• production of J/ψ mesons both for untagged photoproduction (10 −10 < Q 2 < 4 GeV 2 ), and for a sample where the final-state positron was detected in the central calorimeter (Q 2 > 2 GeV 2 ).
Central to these investigations is the question of the validity of pQCD calculations, an issue which has stimulated much interest due in part to the novelty of applying perturbative methods to diffractive processes.
3 It has been suggested that the necessary hard scale may be given by Q 2 , t, or the vectormeson mass. Our investigations aim to test these ideas.
Elastic Electroduction of ρ 0 Mesons
The exclusive dipion BPC sample recorded in 1995 with an integrated luminosity of 3.8 pb −1 includes about 6000 events in the ρ 0 mass region and covers the kinematic range 0.25 < Q 2 < 0.85 GeV 2 , |t| < 0.6 GeV 2 , 20 < W γ * p < 90 GeV, where W γ * p is the center-of-mass energy of the virtual-photon-proton system. The invariant mass spectrum in the ρ 0 mass region is shown in Fig. 1 , together with the results of a fit to the squared coherent sum of a Breit-Wigner resonance term and a nonresonant background term:
The dashed line on the mass spectrum indicates the sum of the contributions from the Breit-Wigner resonance term (dotted line), the nonresonant background term (dash-dotted line), and the interference term (solid line). The resonant cross section averaged over W γ * p is plotted as a function of Q 2 in Fig. 2 and compared to the measurements 4 at similar W γ * p and high Q 2 in order to investigate the Q 2 dependence. The result of a fit to the dependence (Q 2 + M 2 ρ ) −n yields the result n = 1.94 ± 0.12(stat) ± 0.18(sys), consistent with pQCD calculations for longitudinal photons. However, the cross sections measured here are the sum of contributions from longitudinal and transverse photons σ L + εσ T , where ε is the ratio of the transverse to longitudinal photon flux (0.97 < ε < 1.00). This ambiguity in the comparison to the calculations will be removed when information on the ratio R = σ L /σ T becomes available.
A first attempt to measure this ratio is exemplified in Figs. 3 and 4 . Figure 3 shows the polar angle distribution of the π + direction in the ρ 0 rest system with the Z axis defined as the direction opposite to the final-state proton momentum. This distribution depends on the spin-density matrix element r 04 00 (the probability that the ρ 0 is produced with longitudinal polarization 5 ):
The distributions indicate that the BPC data cover a region of transition to increasingly longitudinal polarization at high Q 2 . Assuming that the s-channel Values for R as a function of Q 2 derived from the spin-density matrix element r 04 00 under the assumption of SCHC helicity conservation (SCHC) observed at low energy holds at HERA energies, the ratio R is related to this matrix element as R = r 04 00 /ε(1 − r 04 00 ). Figure 4 shows the corresponding R values, comparing them to the ZEUS results 4 at high Q 2 , those from H1, 6 and those from fixed target muoproduction. 7 The need for this assumption will remain until full helicity analyses are available.
3 Elastic ρ 0 , φ, and J/ψ Photoproduction at High |t|
The ZEUS collaboration has presented 8 a sample of about 80000 untagged elastic photoproduced ρ 0 meson events based on 2.2 pb −1 recorded in 1994, covering the kinematic range 10 −10 < Q 2 < 4 GeV 2 , Q 2 ≃ 10 −2 GeV 2 , |t| < 0.5 GeV 2 , and 50 < W γ * p < 100 GeV. The statistical accuracy of this sample allowed the determination of the relative contributions from resonant and nonresonant dipion production as a function of t (eq. 1). The new analysis of about 30000 events from an integrated luminosity of 2.1 pb −1 recorded with the 44-m tagger in 1995 (10 −9 < Q 2 < 0.01 GeV 2 , Q 2 ≃ 10 −3 GeV 2 , |t| < 4.0 GeV 2 , and 85 < W γ * p < 105 GeV) allows the extension of this study to higher |t|, as shown in ψ/ρ Figure 6 : Ratios of φ and J/ψ production to ρ 0 production as a function of t measurements are consistent with no nonresonant background contribution. The smooth transition and the fact that the high |t| data are dominated by proton dissociative processes indicate that the pion pair production proceeds independently of the proton dissociation. Clean φ and J/ψ signals have also been observed in the 44-m tagger sample, allowing the investigation of production ratios relative to the ρ 0 as a function of |t|, shown in Fig. 6 . At high |t| the ratios approach values derived from simple quark-counting rules and flavor-independent production which result in the expectation for the ratios: ρ 0 : φ : J/ψ = 9 : 2 : 8.
Photo-and Electroproduction of J/ψ Mesons
Photoproduction of J/ψ mesons for 10 −10 < Q 2 < 4 GeV 2 , Q 2 ≃ 10 −1 GeV 2 , and 40 < W γ * p < 140 GeV has been investigated 9 via their leptonic decays. An integrated luminosity of 2.70 pb −1 (1.87 pb −1 ) from 1994 was analyzed for the e + e − (µ + µ − ) decay mode, yielding 460 ± 25 (266 ± 17) events. A fit to the dependence W δ γ * p yields the result δ = 0.92±0.14(stat)±0.10(sys), inconsistent with the exchange of a soft Pomeron alone (δ ≃ 0.22).
10 Figure 7 shows the extraction of the |t| dependence in J/ψ photoproduction: (a) the dependence of the J/ψ photoproduction cross section on the squared transverse momentum of the J/ψ, p −0.6 (sys) GeV −2 , indicating that the interaction radius is much smaller than that found 11 for the ρ 0 (b = 9.8 ± 0.8 (stat) ± 1.1 (sys) GeV −2 ).
An analysis of 6 pb −1 recorded in 1995 has allowed a measurement of the W γ * p dependence of the J/ψ electroproduction cross section for 2 < Q 2 < 40 GeV 2 and 50 < W γ * p < 150 GeV, shown in Fig. 8 . A fit to the dilepton mass signal region yields a signal of 101 ± 13 events (e + e − and µ + µ − combined).
The t-slope is found to be b = 4.5 ± 0.8 (stat) ± 1.0 (sys) GeV −2 , consistent with the photoproduction result.
Summary
Analyses of the Q 2 dependence of elastic ρ 0 electroproduction, of ρ 0 photoproduction at high values of the momentum transferred to the target proton, and of the energy dependence in J/ψ photoproduction lend credibility to the idea that the variables Q 2 , t, and M V each can be used to define a transition region between soft and hard diffraction. The ZEUS experiment is sensitive to the transition region in each of these variables, allowing detailed, multi-parameter, studies of the transition from nonperturbative to perturbative QCD. The studies are statistics-limited and their precision is expected to improve dramatically when the more recent data sets have been analyzed.
